Using a broadband femtosecond laser and a simple optical setup, we demonstrate narrow-bandwidthtunable excitation of vibrational modes in CCl 4 and CHBr 3 liquids. The resolution obtained is 80 times higher than the laser bandwidth. A pair of time-shifted, linearly chirped pulses is created by use of a high-order dispersion-compensated prism -interferometer setup. We use this pulse pair to selectively excite Ramanactive transitions. Our setup represents a significant simplification with improved resolution, of previous approaches to the use of ultrashort pulses for chemically selective spectroscopy.
Chemical sensing is a prominent application of lasers. Typically, a target molecular species is detected by means of characteristic resonances. However, these resonances span a large region of the spectrum, broader than can be addressed by any single tunable laser system. This diff iculty makes coherent Raman spectroscopy techniques, such as coherent anti-Stokes Raman scattering (CARS) spectroscopy and microscopy, coherent Stokes Raman scattering spectroscopy, and Kerr spectroscopy, attractive. 1 -3 In these techniques, vibrational transitions with energies in the mid-to far-infrared can be probed simply and over a broad range with visible or near-infrared lasers. For example, a pair of tunable synchronized picosecond lasers can excite a specif ic vibrational mode in a molecule corresponding to the frequency difference between the two pulses. 4 The vibrational excitation can be detected by light scattering by use of either frequency shifts or depolarization. This approach makes possible high-resolution, broadly tunable, mode-specif ic excitation and chemical sensing.
Femtosecond light pulses possess a broad spectral bandwidth, making it possible to obtain both colors required for exciting a Raman-active mode from a single pulse. A transform-limited pulse will excite all the Raman-active modes accessible by the pulse bandwidth, which also corresponds to all modes with a period longer than the pulse duration. In this case it can be diff icult to distinguish the target chemical species. Thus femtosecond lasers have traditionally been considered undesirable for many types of spectroscopy.
However, selective Raman excitation is possible with short, 5 shaped, 6 -9 or chirped 9 -11 femtosecond pulses that appropriately adjust the relative phase between different frequency components in a single pulse. Recently a femtosecond laser oscillator was used to implement chemically selective CARS microscopy with only a single laser beam by use of a liquid-crystal pulse shaper that imprinted a sinusoidally varying phase on the pulse. 12 In this Letter we demonstrate a complementary technique that uses a femtosecond oscillator combined with simple optics and that achieves even higher resolution. In our approach, a femtosecond pulse is linearly chirped and split into two pulses. These pulses are subsequently recombined with a relative time delay. At any point in time the composite light field consists of a pair of instantaneous frequencies. If the pulses are linearly chirped, the difference between these two frequencies depends on the time delay and will not change with time even though the frequencies themselves are changing. The beating of these two fields creates a spectrum with regular modulations; as the pulse is strongly chirped, these regular modulations translate in the time domain into a periodic beat in the pulse intensity. The periodicity of this pulse train can be matched to the period of a single vibrational mode, permitting selective mode excitation with a simple adjustment of the relative delay between the chirped pump pulses. This approach is distinct from previous ones 12 in that the pulse train is generated with spectral amplitude shaping as opposed to phase manipulation. The key to our advance was the design of a simple optical configuration that is capable of generating a pulse pair with a highly linear chirp. The result is a simple, low cost, higher-resolution optical system that can be used for chemical sensing of a broad range of molecules by use of only a single broadband laser oscillator.
Our experimental setup, shown in Fig. 1 , consists of a 500-mW broadband Ti : sapphire oscillator generating 10-15-fs pulses 13, 14 with an ϳ70-nm bandwidth centered at 800 nm (KMLabs model TS). The oscillator output is split into pump and probe pulses by a 70͞30 beam splitter. The chirped pump pulse duration is set by an SF11 prism pair adjusted to eliminate thirdorder dispersion for the appropriate pulse duration. A collinear pump pulse pair is generated by a Michelson interferometer as a retroref lector.
To optimize the spectral resolution, we consider the effects of pulse shaping on impulsive stimulated Raman scattering. 6, 9, 10 In the weak perturbation limit this scattering can be described by a driven damped harmonic oscillator:
where Q is the normalized vibrational distance, g is the coherence decay rate, V v is the vibrational frequency, N is the number density of molecules, ͑da͞dQ͒ 0 is the change in polarizability with Q, and jA͑t͒j 2~I ͑t͒ is proportional to the pulse intensity. The amplitude of the excited vibrational mode is given by the magnitude of the Fourier transform of the driving term, or simply by the Fourier transform of jA͑t͒j 2 , which can be written as
The maximum value of this integral at a specif ic frequency occurs for f͑v͒ 2 f͑V 2 v͒ constant. A transform-limited pulse satisifies this condition for every frequency pair within the bandwidth of the laser pulse. A shaped pulse can still excite vibrations over a limited frequency range, with a magnitude bounded by that generated by a transform-limited pulse. From the above analysis it is clear that the resolution of this process is determined by the width of the features in the Fourier transform of I ͑t͒ near a desired vibrational frequency.
The intensity prof ile of the chirped pump pulse pairs used in this experiment can be written in the form I ͑t͒~1/2 ͕ ͕ ͕a 2 ͑t͒ 1 r 2 a 2 ͑t 2 t͒ 1 2ra͑t͒a͑t 2 t͒cos͓v L t 1 f͑t͒ 2 f͑t 2 t͔͖͒ ͖ ͖, where A͑t͒ a͑t͒exp͓2if͑t͔͒ is the field of a single chirped pump pulse, t is the time delay between the pulses, and r is the relative f ield strength of the pump pulses. In the approximation where f͑t͒ is dominated by group-velocity dispersion, the argument of the cosine becomes v L t 1 pc R ͓͑2tt 2 t 2 ͔͒, where c R is the chirp rate ͓cm 21 ͞fs͔. Thus the beat frequency of I ͑t͒ is given by c R t, allowing one to adjust the mode excitation frequency by changing the delay. When higher-order spectral phase terms are present, the beat frequency is no longer constant, degrading the resolution. The level of excitation in the impulsive stimulated Raman scattering limit is determined by D͑V͒, which has a dc contribution at zero frequency that is due to the first two terms of I ͑t͒, and a sideband at the inverse of the beat period with an envelope given by the Fourier transform of 2ra͑t͒a͑t 2 t͒.
The resolution (i.e., the spectral width) of the sideband is determined by the Fourier transform of the envelope of the pulse sequence. If we assume a Gaussian pulse shape in time, the sideband magnitude can be written as jD͑V͒j~exp͓2͑V 2 V 0 ͒ 2 ͞8a͔exp͑2at 2 ͞2͒, where a 2 ln 2͞t p 2 , V 0 is the beat frequency of the chirped pulse pair, and t p is the FWHM of jA͑t͒j 2 . Note that the magnitude of the Fourier transform of a single chirped Gaussian pulse of FWHM t p has the same envelope as the chirped pulse pair, but the single-pulse excitation is centered at zero frequency and cannot excite high-frequency modes. Moreover, the magnitude for a single pump pulse is not reduced by the factor exp͑2at 2 ͞2͒, which is simply the temporal overlap integral of the delayed pulse pair. This implies that the temporal extent of the interference between the two pump pulses is equal to the duration of a single pump pulse and, as a result, that the resolution is independent of the pump pulse delay. Furthermore, the resolution is inversely proportional to the duration of the chirped pump pulse. Thus the optimal pump pulse duration is the inverse of the linewidth of the Raman mode.
To optimize the resolution we use the fact that the third-order dispersion of a prism pair is the opposite to that of the material. Thus an optical configuration can be set up that cancels the third-order dispersion while imparting a linear chirp. 13, 15 In practice, f irst we calculate the insertion and separation that give the desired chirped pulse duration. Based on this calculation, we set the SF11 prism separation. Then, we measure the cross correlation between the pump pulse pair and the transform-limited probe pulse, which provides a direct measure of I ͑t͒ for the pump pulse pair. We minimize the width of the Fourier transform of the cross-correlation signal, which determines the excitation resolution, by adjusting the glass insertion to minimize the third-order dispersion. Once the resolution of the pump pulse is optimized, we adjust the time delay to tune the excitation frequency. We can determine the average chirp rate of the pulse pair by taking the ratio Dv͞Dt, where Dv is the spacing between the modulations of the pump pulse pair spectrum and Dt is the spacing between modulation of I ͑t͒ measured by the cross correlation. Once the chirp rate is determined, the resonant frequency can be measured simply by measuring the pulse spectrum. Figure 2 (a) shows the measured transient birefringence response of the 216-cm 21 ͑v 2 ͒ and 314-cm 21 ͑v 4 ͒ modes in the CCl 4 as a function of the time delay between the pump and the probe. The nuclear response of the system is most easily observed as residual response at late times. The amplitude of this residual response is correlated to the beat frequency of the pump pulse pair. Data from shorter time delays show both the electronic Kerr effect and the nuclear motion. A Fourier transform of the leading edge of the signal results in a frequency spike at the beat frequency of the pump pulse pair, whereas the Fourier transform of the tail of the signal [see Fig. 2(b) ] labels the frequency of the excited mode. Here, the duration of the chirped pump pulse was set to 750 fs (implying a 1.276-cm 21 ͞fs chirp rate) at a prism separation of 5.5 cm and an insertion of 2.5 cm, yielding a resolution of 26 cm 21 , which compares well with the Raman Fig. 2 . Kerr effect signals in CCl 4 , as a function of pump -probe delay, for two pump pulse sequences that preferentially excite the v 2 or v 4 modes. Fig. 3 . Kerr effect signal in CHBr 3 , as a function of pump -probe delay. The curves represent different time delays between the two pulses that were used to generate the pump pulse sequence, and hence different excitation pulse sequences. Inset, experimentally measured resolution. transition linewidth of 8.2 cm 21 . Generally, because the dispersion of both the prism and the material scales linearly, the optimum setup has a f ixed ratio of prism separation to material insertion of 2.22.
We repeated the above experiment with CHBr 3 , which has a narrower linewidth, 4.5 cm 21 . Figure 3 shows the measured transient birefringence of the 154-cm 21 mode in CHBr 3 as a function of the pump and probe time delay. The inset of Fig. 3 shows the amplitude of the Fourier transform of the nuclear tail as the driving frequency is tuned. This inset shows a FWHM resolution of 15 cm 21 (or ϳ80 times better than transform-limited excitation) for a 1500-fs chirped pump pulse (prism separation, 12 cm; insertion, 5.4 cm). This resolution compares favorably with the ratio of the chirped to the initial pulse duration, which for CHBr 3 is ϳ1500͞16, or 94.
Because one accomplishes tuning by changing the time delay, this technique is amenable to rapid tuning and lock-in detection. For example, a major issue in CARS microscopy is to distinguish the nonresonant electronic response from the resonant nuclear response of the target species. By dithering the time delay between the two pulses and using lock-in detection (at the dither frequency or higher harmonics) one can directly extract the resonant response in cases such as single-pulse CARS for which the probe signal is not sensitive to the phase of the material response. This can be done with a single laser or a pair of separate time-synchronized lasers. 16 In conclusion, we have demonstrated that, by using a single, femtosecond laser and simple optics, we can selectively excite vibrational modes in CCl 4 and CHBr 3 liquids with very high spectral resolution. The resolution is more than 80 times higher than the laser bandwidth. Our setup represents a significant improvement in spectral resolution over previous designs, as well as a simplif ication in setup.
